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Abstract
There remains a great need for vascular substitutes for small-diameter applications. The use of an
elastomeric biodegradable material, enabling acute antithrombogenicity and long-term in vivo
remodeling, could be beneficial for this purpose. Conduits (1.3 mm internal diameter) were
obtained by electrospinning biodegradable poly(ester urethane)urea (PEUU), and by luminally
immobilizing a non-thrombogenic, 2-methacryloyloxyethyl phosphorylcholine (MPC) copolymer.
Platelet adhesion was characterized in vitro after contact with ovine blood. The conduits were
implanted as aortic interposition grafts in the rat for 4, 8, 12, and 24 weeks. Surface treatment
resulted in a 10-fold decrease in platelet adhesion compared to untreated material. Patency at 8
weeks was 92% for the coated grafts compared to 40% for the non-coated grafts. Histology at 8
and 12 weeks demonstrated formation of cellularized neotissue consisting of aligned collagen and
elastin. The lumen of the grafts was confluent with cells qualitatively aligned in the direction of
blood flow. Immunohistochemistry suggested the presence of smooth muscle cells in the medial
layer of the neotissue and endothelial cells lining the lumen. Mechanically, the grafts were less
compliant than rat aortas prior to implantation (4.5 ± 2.0 × 10–4 mmHg–1 vs. 14.2 ± 1.1 × 10–4
mmHg–1, respectively), then after 4 weeks in vivo they approximated native values, but
subsequently became stiffer again at later time points. The novel coated grafts exhibited promising
antithrombogenic and mechanical properties for small-diameter arterial revascularization. Further
evaluation in vivo will be required to demonstrate complete remodeling of the graft into a native-
like artery.

Introduction
Despite the clinical need for small diameter (<6 mm) vascular bypass grafts for arterial
cardiac or peripheral revascularization, the standard of care remains the use of autologous
blood vessels. Such procedures rely on the use of healthy autologous arteries or veins (in
those cases requiring more than one graft). Neither of these native vessels are ideal
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substitutes as they have limited availability, suboptimal performance, and are associated
with donor-site morbidity [1].

Commercially available, biodurable vascular grafts, while routinely used for large-diameter
applications, have invariantly failed for small diameter cases due to thrombogenicity at the
blood-material interface and mechanical mismatch with the host artery, both of which
accelerate the two aforementioned modalities of graft failure [2]. Efforts have been
dedicated, throughout the past several decades, to develop implantable biomaterials for
tissue engineering approaches that could provide a temporary biodegradable support to at
least acutely meet the mechanical and functional demand of the target tissue, while
gradually degrading to allow in situ native tissue regeneration.

Several attempts have been made to produce a successful biodegradable scaffold material
for vascular tissue engineering using both biological (e.g., decellularized native tissues [3,
4], biological proteins [5], hydrogels [6]), synthetic materials (e.g., polyesters [7, 8], and
polyurethanes [9, 10]). While each of the previous methods have their merits, to date there is
no clear consensus as to what approach – past, present, or future – might lead to a clinically-
applicable treatment. Potential limitations toward clinical translation include the lack of off-
the-shelf availability [11], lack of appropriate mechanical property matching to native
arteries, which could lead to rupture or aneurysm formation in case of insufficient strength
[12], or graft obstruction due to compliance mismatch [13], host tissue inflammation due to
acidic scaffold degradation products [14], and thrombogenicity [15]. Targeted surface
modification of materials for vascular applications with either functional polypeptid groups
(e.g., cell adhesive ligands [16]), antithrombogenic proteins (e.g., heparin [17]), or cell
monolayers (e.g., endothelial cells [18]) have been made in an attempt to improve scaffold
antithrombogenic properties. Recently, bioinspired phospholipid polymers and co-polymers
based on 2-methacryloyloxyethyl phosphorylcholine (MPC) have been successfully used to
reduce platelet adhesion on blood-contacting surfaces [19, 20].

In this study we tested the in vivo performance of a small-diameter vascular graft made with
a previously described biodegradable and cytocompatible poly(ester urethane) urea (PEUU)
processed by electrospinning [21]. Electrospun PEUU (ES-PEUU) has been shown to
possess mechanical properties remarkably similar to native arteries [22]. The scaffolds were
luminally coated with an MPC-based copolymer layer in an attempt to create a non-
thrombogenic surface, and implanted for up to 24 weeks as abdominal aortic interposition
grafts in a rat model.

Materials and Methods
PEUU synthesis

Polycaprolactone diol (PCL, Mn=2000, Sigma) was dried under vacuum for 48 h at 50°C.
Putrescine (Sigma) and 1,4-diisocyanatobutane (BDI, Sigma) were distilled under vacuum.
Stannous octoate (Sigma) catalyst was dried using 4Å molecular sieve. 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP, Oakwood) and dimethyl sulfoxide (DMSO, Sigma) were used
as received. PEUU was synthesized from BDI and PCL with putrescine chain extension as
described previously [23]. Synthesis proceeded as a solution polymerization with DMSO
using a 2:1:1 BDI:PCL:putrescine molar ratio.

ES-PEUU scaffold preparation
The ES-PEUU conduits were fabricated using an electrospinning apparatus and technique
previously described [21]. Briefly, PEUU solution in HFIP (8% w/w) was prepared and
loaded into 10 mL syringes connected by plastic tubing to a stainless steel capillary (ID=1.2
mm), which was suspended 14 cm over a stainless steel mandrel (diameter=1.3 mm). The
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mandrel was rotated at 250 rpm and simultaneously translated on an x-y stage (Velmex Inc.,
Bloomfield, NY) along the longitudinal direction of the mandrel in a cyclic manner
(translational speed=6 cm/s, amplitude=8 cm, frequency=0.4 Hz). The mandrel was charged
at −10 kV, while the capillary was charged with 10 kV. High voltage was supplied for each
component using a combination of two high voltage generators (Gamma High Voltage
Research, Ormond Beach, FL). The polymer solution was infused with a precision syringe
pump (Harvard Apparatus, Holliston, MA) at 1 mL/h, and an electrospinning time of 15
min.

At the end of the process, electrospun polymer that had deposited beyond the extension of
the central 10 cm of scaffold was removed with a razor and the scaffolds were then slid out
of the mandrel and were dried within a vacuum chamber for 24 h.

ES-PEUU surface modification with phospholipid copolymer
A phospholipid copolymer (PMA) comprised of 70 mol% MPC and 30 mol% methylacrylic
acid (MA; Mw=5.5×105) synthesized by the conventional radical polymerization [24] was
kindly provided from Dr. Kazuhiko Ishihara (University of Tokyo, Tokyo, Japan).

ES-PEUU scaffold surfaces were pre-treated by ammonia plasma using radio frequency
glow discharge (RFGD, MARCH GCM250, March Instrument Inc, CA). The plasma power
applied was 25 W, at a frequency of 13.65 MHz for 2 min under 0.6 mTorr pressure. The
resulting surface-aminated PEUU scaffolds were subsequently immersed in 0.25 wt% PMA
copolymer solution in water and a condensation reagent was added ((1-ethyl 3-(3-
dimethylaminopropyl) carbodiimide) hydrochloride, EDC, [EDC]/[PMA] = 50). The PMA
solution was in contact with the scaffolds surfaces for 24 h at 37°C within a rocking
platform. The PMA was chemically immobilized on the surface through the reaction
between the carboxyl groups in the PMA and the amine groups on the ES-PEUU surface.
After modification with PMA, scaffold samples were washed 5 times with deionized water
and dried under vacuum. A schematic of the surface modification process is shown in Fig. 1.
The scaffolds were sterilized by immersion in 70% ethanol solution for 24 h followed by
multiple washes with sterile Dulbecco’s modified phosphate buffered saline (DPBS).

Morphological assessment
ES-PEUU scaffolds were immersed in liquid nitrogen and rapidly cut with a cold razor to
generate a sharp fracture, exposing a cross-section with preserved structural features. The
specimens were mounted dry on aluminium stubs with a double adhesive copper tape and
sputter coated with a 3.5 nm thick layer of gold/palladium (Sputter Coater 108 auto,
Cressington Scientific Instruments Inc., Cranberry Twp., PA). The cross-sections were
imaged by field emission scanning electron microscopy (SEM) (JSM-6330F, JEOL USA,
Inc., Peabody, MA).

In vitro platelet adhesion assessment
Whole ovine blood was collected from healthy animals and immediately added to monovette
tubes containing 0.3 mL of 0.106 M trisodium citrate (Sarstedt, Newton, NC). PMA-
modified (n=5) or unmodified ES-PEUU (n=5) scaffolds were placed into BD Vacutainer®

tubes containing 5 mL citrated ovine blood and incubated for 4 h under continuous rocking.
The surfaces were then rinsed with PBS and immersed in a 2.5% glutaraldehyde solution for
2 h at 4°C to fix the deposited platelets, the samples were then washed 3 times in PBS (15
min each), treated for 1 h in 1% (w/v) OsO4 solution and washed 3 more times with PBS.
Samples were then serially dehydrated with increasing ethanol solutions and critical point
dried (Emscope CPD 750, Emscope Lab., Ashford, UK) with 4 cycles of liquid CO2 soaking
and venting at 10°C before reaching the critical point for CO2 at 31.1°C at 1100 psi.
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Samples were subsequently mounted on aluminium stubs, sputter coated with gold/
palladium, and observed using SEM as previously described.

The density of platelet deposition on the surface of the scaffolds following exposure to ovine
blood was quantified using an image-based technique. Briefly, a set of images depicting 5
random fields of view of each specimen was taken for each of the two groups (PMA-
modified and unmodified ES-PEUU scaffolds). A mask of determined area (quantified using
ImageJ software) was randomly applied to 5 different locations within each SEM image.
The number of adhered platelets within the applied mask was counted manually and the
average between the two groups was compared.

Mechanical properties
Dynamic compliance measurements were performed using a previously described vascular
perfusion system [25] using previously described methods [26]. Briefly, a Biomedicus
centrifugal pump (Biomedicus 520D, Medtronic, Minneapolis, MN) delivered saline at 37°C
under sinusoidal (pulsatile) intraluminal pressure and flow consistent with physiologic
values (120/80 mmHg and 100 mL/min, respectively) to the specimen. The intraluminal
pressure was measured by proximal and distal transducers (TruWave, Edward Lifesciences,
Irvine, CA) and the outer diameter of the tubular specimen was measured with a He-Ne laser
micrometer (Beta LaserMike, Dayton, OH). Both pressure and diameter signals were
automatically recorded at 30 Hz over 1 min once per hour over 24 hours by an acquisition
card connected to a personal computer. Dynamic compliance, C, was calculated from
recordings of pressure, P and diameter, Dp as:

(1)

Where P120=120 mmHg and P80=80 mmHg, and D80 and D120 were the diameters
corresponding to P80 and P120, respectively.

To measure uniaxial material properties of the conduits, a ring of each specimen was cut (~1
mm width) and measured for diameter, thickness, and width using a digital caliper (Fisher-
Scientific). The rings were then mounted in a uniaxial tensile testing system (Series 1101,
Applied Test Systems Inc., Butler, PA) using a 10 lb force transducer (SM-10, Interface,
Scottsdale, AZ), which was modified to perform the testing in physiologic saline at 37°C, as
previously described [22]. Load–displacement curves were computed to obtain Cauchy
stress–stretch relationships. Ultimate tensile stress and stretch to failure were taken as,
respectively the maximum stress value before failure and its corresponding value of stretch.

Abdominal aortic interposition graft placement in the rat
All procedures involving animals were approved by the University of Pittsburgh’s
Institutional Animal Care and Use Committee. Adult Lewis rats (Charles River
Laboratories, Boston, MA) with a weight range of 200–300 grams were used. Anaesthesia
was induced with 3% isofluorane inhalation and maintained with 1% isofluorane and 50 mg/
kg ketamine administered via intraperitoneal injection. The surgery was performed with the
rat in supine position placed on a warming pad. The anterior abdominal wall was shaved and
aseptically prepared with povidone-iodine. The abdominal aorta was exposed by a midline
laparotomy incision and displacement of the viscera with a retractor. The aorta was carefully
separated from the vena cava and clamped in proximity to the renal arteries and the iliac
bifurcation with microvascular clamps to maintain the original in vivo length. Prior to
clamping, a dose of 40 IU of heparin was administered intravenously through a tributary to
the vena cava. A 1 cm aortic gap was created and grafted with either ES-PEUU (n=25) or
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PMA-coated ES-PEUU (n=12) scaffolds. The anastomoses were made in an end-to-end
fashion to the native aorta with 5 or 6 separate stitches using 10-0 Prolene (Ethicon) under
10× magnification (M691, Wild-Heerbrugg). The muscle layer and the skin were closed
with 3-0 Vicryl™ absorbable suture. A povidone-iodine ointment was applied on the sutured
abdominal incision at the end of the procedure to prevent infection. Standard analgesic and
antibiotic therapy was administered following the surgery. Aspirin was administered daily
(100 mg/day/kg).

Fluoroscopy
At the end of the designated implant times, animals were sacrificed by a lethal intracardiac
injection of KCl mixed with heparin (1000 units) solution while under deep anaesthesia (5%
isofluorane). The thoracic descending aorta was immediately exposed by displacing the
heart and lungs and cannulated with a 22G Angiocath (Becton Dickinson, Sandy, UT)
secured with a 4-0 silk ligation. The animal was placed under an angiography system (OEC
9800 Plus, GE Healthcare, Piscataway, NJ) and iodine contrast media (Renografin-60,
Bracco Diagnostics, Princeton, NJ) was manually infused through the angiocath during
irradiation to assess graft patency. Patency rate was calculated at 8 weeks as the ratio
between the number of animals with positive contrast flow through the construct and the
total number of animals within each experimental group. Within the PMA-coated group, 4
animals that had clinical evidence of patency (positive pulses) were survived up to 12 weeks
to evaluate longer term mechanical properties and remodelling. One of these animals was
survived up to 24 weeks as preliminary assessment of scaffold performance over an
extended period where material degradation might be expected to occur. Table 1 details the
number of animals from each experimental group dedicated to each time point.

Gross pathology and histological assessment
Immediately following fluoroscopic assessment, the grafts were harvested along with
approximately 5 mm of native aorta at each anastomosis and stored in saline until testing.
All the specimens were observed in order to detect signs of infection. Specimens dedicated
to histological examination were cut in the central portion of the graft and their lumen was
observed at 10× under a zoom stereomicroscope (SMZ660, Nikon Instruments Inc.,
Melville, NY). Specimens were then fixed in 10% formalin for 1 h and immersed in 30%
sucrose solution for 24 hours at 4°C before standard paraffin embedding and sectioning
(section thickness = 5 μm). Masson’s trichrome, picrosirius red, and van Gieson staining
were all performed following standard histological protocols and slides were observed and
imaged with bright field microscopy. Picrosirius red stained slides were observed between
two polarized lenses in a totally occlusive configuration (90°) to detect birefringency. All
histological images were taken with an Eclipse E600 microscope (Nikon Instruments Inc.,
Melville, NY) equipped with a digital color CCD camera (Model 2.3.1, Diagnostic
Instruments Inc., Sterling Heights, MI).

Electron and fluorescence microscopy
Dedicated samples underwent SEM analysis to visualize of the luminal surface and the
transition between native aorta and graft. Specimens were fixed and observed following the
same protocol and using the same systems previously described for the platelet adhesion
assessment.

The scaffolds dedicated to immunohistochemical analysis were fixed in 4%
paraformaldehyde for 1 hour and then stored in 30% sucrose solution overnight. The
specimens were then embedded in tissue freezing medium (TBS, Triangle Biomedical
Sciences, Durham, NC) and sectioned (10 μm thick) with a cryostat. Sections were
permeabilized in Triton-X-100 solution for 15 min. Non-specific antibody binding was
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blocked by incubating the samples for 45 min with 2% bovine serum albumin (BSA,
Fraction V, Sigma) in PBS. The samples were subsequently incubated at room temperature
with the primary antibodies (smooth muscle α actin (α-SMA, 1:500, Chemicon, Temecula,
CA) and von Willebrand factor (vWF, 1:200, Dako, Carpinteria, CA) diluted in blocking
solution for 60 min in a moist chamber to prevent drying of the samples. Unbound primary
antibody was removed by subsequent washes in rinsing solution (0.5% BSA + 0.15%
glycine in PBS). The samples were then incubated with a Cy3-conjugated secondary
antibody (1:500, Sigma–Aldrich, St. Louis, MO) for 1 hour at room temperature and rinsed
several times with rinsing solution. Samples were counter-stained with DAPI (bisbenzimide,
Sigma) for 1 min and then washed three times with rinsing solution. The sections were
observed with epifluorescence microscopy (Eclipse E600, Nikon Instruments Inc., Melville,
NY).

Statistical methods
Statistical analyses were performed using SPSS software (v.15, SPSS Inc., Chicago, IL). All
datasets were tested for normality with the Shapiro-Wilk test. Comparison of the mean
values of different data sets was performed using either a one-way ANOVA for multiple
data sets or a Student’s t-test for individual comparisons. Post hoc analyses for ANOVA
utilized the Bonferroni test. Patency rate was compared with non-parametric values using
the exact Fisher test. All measures are presented as mean ± standard deviation. A confidence
interval greater than 95% was considered significant (p<0.05).

Results
Morphological assessment

The tubular scaffolds grossly appeared smooth and without macroscopic defects following
electrospinning (see Fig. 2-A/B). Electron microscopy revealed a circumferentially-uniform
wall thickness of approximately 150 μm (Fig. 2-C). The diameter of the electrospun fibers
was approximately 1 μm (Fig. 2-D). The PMA coated scaffolds appeared to have a similar
luminal surface compared to the bare PEUU (data not shown).

In vitro platelet adhesion assessment
A marked reduction in platelet deposition for the PMA-coated group compared to the bare
ES-PEUU surfaces was observed following ovine blood contact in vitro. The surface of the
ES-PEUU was populated by frequent thrombi comprised of activated and aggregated
platelets (Fig. 3-A), while the PMA-coated ES-PEUU had minimal platelet deposition, with
randomly observed individual platelets or occasional groupings of few platelets (Fig. 3-B).
Image-based platelet counting demonstrated an almost a 10-fold decrease in adherent
platelet numbers for the PMA group relative to the uncoated group (p = 0.0018) (Fig. 3-C).

In vivo performance
Both the uncoated and the PMA-coated grafts were pliable, non-tacky, and simple to handle
and suture during the procedure without showing any detectable difference as a result of the
surface modification process. The size and thickness of the graft closely matched the native
rat abdominal aorta. The 10-0 stitches could effectively approximate and retain the edges of
the graft and aorta resulting in well sealed anastomoses (Fig. 4). The graft also exhibited
good visual and tactile pulsatility upon implantation.

The patency of the grafts was easily predicted before euthanasia by manual detection of the
pulse immediately distal to the graft location (i.e., iliac bifurcation), and confirmed with
fluoroscopy. Generally, non-patent grafts resulted in lack of a detectable pulse, and showed
an interruption in the contrast media at the level of the proximal anastomosis, followed by a
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late perfusion of the iliac arteries due to contralateral circulation (Fig. 5-A). Patent grafts
had a clearly detectable pulse and showed smooth contrast media run-off through the iliac
arteries (Fig. 5-B).

At the primary time point of 8 weeks, eleven out of twelve rats in the PMA-coated ES-
PEUU graft group showed positive graft flow, resulting in a patency rate of 92% with no
signs of ischemia in any of the animals (i.e., seven out of eight animals sacrificed at the 8
week time point combined with the four animals that had clinical evidence of patency and
that were extended to longer time points). This result was significantly different when
compared to six out of fifteen (40%) (p=0.014) with positive flow in the non-coated group,
where five animals showed signs of gross ischemia. None of the scaffolds showed signs of
an untoward acute inflammatory response or infection. Fluoroscopy showed no signs of
aneurysmal dilation or mechanical failure.

Gross morphology and histological assessment
Gross pathological and histological assessment showed two basic modalities of failure for
the non-coated grafts: either acute thrombosis (Fig. 5-C and Fig. 6-A), representing about
90% of the obstructed grafts, or intimal hyperplasia (Fig. 6-B). All the PMA-coated grafts
(except for the one obstructed at 8 weeks which showed signs of thrombosis) showed a
white, glistening lumen (Fig. 5-D) consisting of a multi-layered, collagenous tissue of
approximately 50 μm in thickness adherent to the inner surface of the grafts (Fig. 6-C/D and
Fig. 7-A/D). Picrosirius red staining confirmed the sub-luminal presence of collagen, and
demonstrated a structurally organized luminal layer comprised of deposited collagen fibers
oriented circumferentially (Fig. 7-B). Van Gieson staining also revealed the presence of
elastin extending radially from the lumen to about 1/3 of the tissue thickness along the
circumference of the neo-luminal tissue. The electrospun PMA-coated scaffold did not show
significant signs of biological infiltration or remodelling (within the scaffold wall) during
the first 24 weeks in vivo (Fig. 8). Some of the grafts showed signs of delamination
occurring approximately between the outer third of the thickness and the rest of the graft for
all the timepoints (Figs.6-A/C and 8-B/C/D).

Examining PMA-coated grafts with electron microscopy revealed no signs of stricture at the
anastomotic level (Fig. 9-A), and a good integration between the graft and perivascular
tissues (Fig. 9-B). A smooth cellular lining with cobblestone morphology and orientation in
the direction of blood flow was consistently shown in the luminal layer (Fig. 9-C).
Immunohistochemistry detected a positive expression of α-SMA throughout the thickness of
the newly-formed luminal layer (Fig. 10-A). This expression was consistent along the length
and the circumference of the scaffolds. A positive signal for von-Willebrand factor was also
found on the luminal surface (Fig. 10-B), providing further evidence of endothelial cell
lining suggested by the cellular morphology seen in electron micrographs. These
observations were consistent along the length and circumference of the scaffold.

The coating process did not affect the mechanical properties of the bare ES-PEUU (data not
shown); therefore mechanical data were compared at different time points (only patent
scaffolds were tested) disregarding whether the measured scaffold was coated or not. The
scaffolds prior to implantation exhibited lower compliances than native rat aortas
(14.2±1.1×10−4 mmHg−1 versus 4.5±2.0×10−4 mmHg−1, p=0.011, n=5); however, 4 weeks
after implantation the compliance increased to values comparable to native tissues. During
the following 8 weeks a significant decrease in compliance was detected (Fig. 11-A). The
strength and stretch at failure for the PEUU scaffolds prior to implantation were
significantly higher than those of native rat aortas (Fig. 11-B/C); however, following
implantation and remodelling, both strength and stretch at failure were statistically
equivalent to native values.
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Discussion
The scaffold represents a critical component in the vascular tissue engineering paradigm.
Primary scaffold design requirements include the ability to function as a substrate for tissue
remodeling and regeneration, the strength to withstand physiologic arterial conditions over
extended periods of time, and the basic blood biocompatibility to resist thrombus formation.
Throughout the past several decades many endeavors have been made to develop
mechanically and functionally sound scaffolds for vascular tissue engineering to replace or
bypass portions of the arterial circulation. Two major approaches have been explored for
this purpose, either the incorporation of cells into or onto scaffolds with or without tissue
culture in a bioreactor prior to implantation, or the use of acellular scaffolds with properties
suitable for in vivo remodeling. The second approach has the inherent advantage of offering
a readily available scaffold for implantation without the time, cost and potential regulatory
implications related to cell sourcing.

Several materials have been used for acellular vascular approaches spanning from
decellularized biological tissues to synthetic materials with or without surface
functionalization. Decellularized vascular conduits from humans or animals including small
diameter veins or arteries have been used with variable levels of success in preclinical
studies in small [27], and large animal models [28]. Biologic materials including
decellularized tissues tend to offer good initial matching of mechanical properties but high
degrees of variability; furthermore, incomplete removal of exogenous materials has been
attributed to severe immunological reactions in early human clinical trials [29], and thus
these scaffolds, while clearly promising, require significant care in their preparation and
characterization. Synthetic scaffolds have the attractive feature of offering tunable and
reproducible properties. The most commonly used aliphatic polyesters such as poly(glycolic
acid), poly(L-lactic acid), and their copolymers are generally much stiffer than native soft
tissues and under some conditions can induce a transient inflammatory response due to the
acidity of their degradation products [30]. Synthetic acellular small-diameter vascular
conduits have been used in several recent in vivo animal studies. Pektoc et al. has shown
improved patency and endothelialization in rats for 2 mm inner diameter electrospun
polycaprolactone grafts compared to ePTFE controls [31]. Yokota et al. have implanted in
dogs 4 mm-diameter compound grafts made of collagen, polyglycolic acid, and poly-L-
lactic acid showing excellent in situ tissue regeneration and patency rates [7].

The PEUU used in this study has been shown to be cytocompatible, yield non-toxic
degradation products, and to be processable into scaffolds using a variety of techniques [21,
23, 32]. ES-PEUU has been also shown to possess micron and sub-micron fibrous
architecture and mechanical properties similar to those of native elastic extracellular matrix
[33]. Recent in vivo studies showed that this material did not produce a detrimental host
inflammatory response due to its degradation products but rather fostered functional
remodeling [34, 35]. We have recently reported on the in vivo results obtained with
acellular, electrospun biodegradable small-diameter vascular grafts based on a blend of
PEUU and a phospholipid poly(2-methacryloyloxyethyl phosphorylcholine-co-
methacryloyloxyethyl butylurethane) that has some similarities to the surface-modifying
polymer used in the current study [36]. These scaffolds, which incorporated the
phopholipid-mimic polymer throughout their structure showed significant reduction in
platelet and smooth muscle cell adhesion in vitro, and increased patency rates in the rat
model in vivo.

The surface-treated ES-PEUU scaffolds developed in this study had no apparent differences
in pore and fiber size, porosity, or wall thickness compared to untreated PEUU control.
Functionally, the treatment resulted in a significant reduction in platelet adhesion in vitro
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(Fig. 3). The non-thrombogenic properties of the PMA coating were confirmed in vivo, with
significantly higher patency rates at 8 weeks between the ES-PEUU and the PMA-treated
group. This effect was attributed to the MPC structure attached to the luminal surface and its
zwitterionic similarities to the surface presented by the outer layer of cell membrane. A
substantial literature exists on MPC-based polymers applied to a variety of surfaces to
reduce protein adsorption and anzymatic pathway activation, as well as to inhibit cellular
adhesion processes [37, 38]. It would generally be expected that each of these activities
related to inhibiting blood protein adhesion and activation would act to reduce surface
thrombogenicity as was seen in this study.

Histologically, the scaffolds demonstrated the propensity to provide an environment suitable
for neo-vascular tissue formation. The neointimal tissue had structural and phenotypic
similarities with native arterial tissue as demonstrated by the presence of aligned collagen
and elastin (Figs.7–8), and by the immunohistochemical markers consistent with smooth
muscle and endothelial cells (Fig. 10), respectively. However, the lack of significant cellular
infiltration into the scaffold, and the preserved scaffold structure found at each time point
including the single animal brought to 24 weeks (Fig. 8), suggest that this scaffold possesses
a very slow degradation rate in vivo. We believe that the structural features of the ES-PEUU
scaffolds including the small pore size of the matrix obtained by electrospinning, potentially
the orientation of the PEUU polymer within the fibers to increase crystallinity, as well as the
thickness of the scaffold may have all contributed to slowing cellular infiltration and the
degradation process of PEUU beyond that seen in other locations in the rat with alternative
processing [39]. Our recent report detailing the results obtained in a rat model with a
bilayered vascular scaffold including an external layer of electrospun PEUU [26] suggests
extensive degradation after 8 weeks for the electrospun portion of the scaffold [34]. Longer
in vivo studies are required to evaluate the capacity of the PMA-coated ES-PEUU scaffold
to be effectively replaced by new functional tissue upon complete scaffold degradation and
long term propensity for aneurismal dilatation cannot dismissed from the data collected here.
Some of the scaffolds used in this study exhibited a single delamination across the wall
thickness, as observed in Figs.6 and 8. The presence of neotissue infiltration within the
delaminated areas in some of the samples is suggestive of a processing issue occurring
during the electrospinning process. Excessive fiber dryness, as might occur when the
polymer flow rate is low and the distance between nozzle and target is high, may have led to
poor “solvent bonding” between fibers and thus delamination. In some cases the histological
preparation of the sample might have also fostered further separation of the layers. The
observed phenomenon, although clearly not desirable, does not seem to affect either the
remodeling of the grafts or their mechanical properties.

For the implant durations studied here (i.e., 4, 8, 12, and 24 weeks), the scaffolds showed
sufficient strength for arterial vascular applications without evidence of dilation or aneurysm
formation (Figs.5–8). The scaffolds exhibited physiologically-compatible values of
compliance prior to implantation (Fig. 11) when compared with native rat aortas and with
previously measured values for human coronary arteries (compliance=14.1±5.9×10−4

mmHg−1) [40]. The scaffold compliance and strength throughout the 3 measured time points
in vivo underwent some notable changes (Fig. 11), in particular, an increase in compliance
and decrease in strength resulting from the first 4 weeks in vivo and the subsequent
reduction in compliance. A possible explanation for the increase in compliance could be that
the scaffolds during the first weeks of implantation undergo some acute baseline degradation
resulting in increased compliance and decreased strength. Hydrolytic cleavage of the
connection points between individual electrospun fibers would be expected to reduce the
scaffold resistance to distension. Such connection points might be candidates for
degradation given their small volume. The subsequent process of neo-tissue formation both
on the luminal and abluminal sides of the scaffolds likely then contributed to the decrease in
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compliance as these biological components acted to increase overall conduit stiffness. While
compliance measurements were conducted on the whole explanted grafts, uniaxial testing
was performed on very small rings cut from the graft which could lose the internal and
external neo-tissue formation and therefore, their mechanical contribution. This loss of
potential load bearing components in processing prior to testing may have contributed to the
loss of strength seen in the data. In general, the very slow degradation for the ES-PEUU
scaffolds and the lack of tissue infiltration throughout the tightly linked fibrillar scaffold in
the time periods examined prevent confirmation that the approach of this study would lead
to neo-tissue formation that is mechanically robust enough to function as a stable arterial
replacement. While the histological aspects of the forming neointimal tissue are
encouraging, longer time points along with a thorough degradation study for the specific
scaffold would need to be examined, or a more rapidly degrading substrate might be
considered.

A small-diameter vascular graft luminally modified with a phospholipid mimicking
copolymer exhibited excellent non-thrombogenic properties in vitro and in vivo, and
mechanical properties compatible with native arterial conduits. Following in vivo
remodeling, the grafts showed a neo-intimal tissue formation that exhibited both smooth
muscle and endothelial markers as well as oriented collagen and elastin deposition. These
features might represent a step toward future clinical translation of an “off-the-shelf”
vascular graft enabling vascular regeneration.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 6.
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Figure 11.
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Table 1

Number of animals used in each experimental group

4 weeks 8 weeks 12 weeks 24 weeks

Uncoated n=10 n=15 n/a n/a

PMA-Coated n/a n=8 n=3 n=1
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